6N-containing polyphenylene precursors were generated via [2 + 2 + 2] cyclotrimerisation. On methoxy substitution complete ring-closure can be achieved (via FeCl 3 -mediated oxidative cyclodehydrogenation) to give asymmetric and C 3v symmetric hexaazasuperbenzenes. Investigations using DDQ/H + mediated conditions reveal this to be a promising alternative and selective route to partial cyclodehydrogenation.
It is now well-documented that the incorporation of heteroatoms such as N, 1-3 P, 4,5 S, 6-8 or B 9,10 into the core of polycyclic aromatic hydrocarbon (PAH) derivatives fundamentally affects their electronic and optical properties. [11] [12] [13] It is one means by which to tailor the HOMO-LUMO gap in such materials and to confer upon them either p-or n-type semiconducting properties as required in organic eld-effect transistors and organic light emitting diodes. [14] [15] [16] Depending on the position of the heteroatom (periphery or core), such substituents can also provide ligand or coordination functionality to PAH-based molecules. 17, 18 This latter effect has been demonstrated most notably in systems with a coronene skeleton as part of their aromatic core and pyrimidine units in peripheral sites. 19, 20 The introduction of graphitic nitrogen atoms also opens up the possibility of new applications e.g. as sites for enhancing the electrocatalytic behaviour of carbon-materials.
21
Polycyclic heteroaromatics based on hexaphenylbenzene have emerged as desirable synthetic targets on many fronts, not just as a starting unit for bottom-up synthesis but also as welldened substructures for the surface-mediated formation of heteroatom-doped graphene and nanoribbons. 11, 22, 23 However, the synthetic challenges are magnied by the presence of these heteroatoms, and have led to interesting strategies that differ signicantly from their all-carbon analogues. 24 In terms of controlling the nature and extent of heteroatom doping, there is still much to achieve in the resulting substitution patterns and the degree of ring fusion. In unfused systems, 6N substitution of hexaphenylbenzene has recently been achieved. 25 Fused 2N and 4N systems have been generated through the use of pyrimidyl units, 26 while 6N substitution has only been achieved in pyrrole-based systems.
3
This work aims to tackle one of the current major challenges, that of increasing the degree of N-doping into the periphery of the aromatic core without compromising the extent of aromaticity in the nal product. In the process we have produced hexaazasuperbenzenes with differing anisotropic molecular shapes, structural rigidity, extended p-surfaces, and shed some light on how N-doping inuences the outcome of metal and DDQ/H + mediated cyclodehydrogenation reactions.
[2 + 2 + 2] cycloadditions involving alkynes have been used as an elegant, one-step and potentially one-reagent method for the generation of annulated benzene derivatives. 27 Herein, we exploit the [2 + 2 + 2] trimerisation of pyrimidyl containing acetylenes as a convenient route to yield 6N-doped polyphenylenes in high yield. The subsequent oxidative cyclodehydrogenation reactions gave nitrogen-doped nanographenes with N-loadings of up to 11.11 atom% within the aromatic core with differing N-donor arrangements.
Two series of 6N polyphenylenes were synthesised by varying the functional groups in the monopyrimidyl acetylene precursor (tert-butyl or methoxy -see Schemes 1 and 2) and subjecting them to standard dicobalt octacarbonyl-catalysed cyclotrimerisation conditions.
28 Asymmetric 3,5,6-tri-(4-tert-butylphenyl)-1,2,4-tri(5-pyrimidyl)benzene (1) , and the symmetric 2,4,6-tri(4-tertbutylphenyl)-1,3,5-tri(5-pyrimidyl)benzene (2) (Scheme 1), were successfully isolated as white crystalline solids in 68% and 27% yields respectively, in the expected statistical ratio of 3 : 1 [see ESI for single crystal X-ray structure of 2 (S5 ‡) and the photophysical investigation of 1 and 2 (S6a ‡)]. These materials are isomers, differing in terms of their symmetry patterns (C 3v or star-shaped, and asymmetric).
The planarisation of the tert-butyl functionalised 6N polyphenylenes 1 and 2 to obtain 6N nanographenes was studied under a range of common oxidative cyclodehydrogenation conditions: (i) AlCl 3 
H).
For the asymmetric polyphenylene 1, the AlCl 3 /CuCl 2 /CS 2 route resulted in a myriad of partially fused products. Although the separation of these was extremely challenging, 5/6 th fused (ve C-C bonds closed) 4 was isolated in very low yield (5%) aer a series of purication attempts. By comparison, the FeCl 3 -catalysed procedure proved to be much cleaner: the oxidative cyclodehydrogenation of asymmetric 1 under FeCl 3 -mediated conditions resulted in the 2/3 rd -fused (four C-C bonds formed) 3 and 5/6 th fused (ve C-C bonds formed) 4 as the two major products (Scheme 1). Preparative thin layer chromatography facilitated the separation of these cosynthesised products 3 (10%) and 4 (20%). In addition, mass spectrometric analysis of the crude mixture showed the presence of 1/2-fused (three C-C bonds formed) and 1/3 rd fused (two C-C bonds formed) compounds in trace amounts [see S4(a) ‡]. Under the same FeCl 3 -conditions, the oxidative cyclodehydrogenation of symmetric 2 resulted in the 5/6 th fused (ve C-C bonds formed) 5 (23%) as the major product. As for 1, the mass spectrometric analysis of the crude reaction material showed the presence of other partially-fused products with varying degrees of fusion [S4(b) ‡]. For symmetric 2, the AlCl 3 route was not successful and resulted in a mixture of intractable products. Recently, ring closure via DDQ/H + oxidation has been explored as a metal-free alternative for the oxidative cyclodehydrogenation of various all-carbon aromatic donors. 29 To the best of our knowledge, this route has not been tested for N-containing polyphenylene systems. In this work, the DDQ/H + -mediated oxidative cyclodehydrogenation was investigated for 6N polyphenylene 1, resulting in 5/6 th fused 4 as the major product in 60% yield. Since the DDQ/H + route did not result in other partially fused products, 5/6 th fused 4 was isolated in good yield and the purication was relatively straightforward. Interestingly, the ve C-C bond closures have taken place at the same positions as in the 5/6 th fused product obtained via FeCl 3
and AlCl 3 (as conrmed by NMR analysis, see S3 ‡). Furthermore, with extended reaction times (up to 5 days) and the excess addition of FeCl 3 (60 equivalents), we were unable to obtain complete ring closure in either tert-butyl functionalised asymmetric 1 or symmetric 2. Given recent literature reports of the efficacy of using stronger acids in the DDQ/H + process particularly in electron poor polyphenylenes, 30 the authors modied their reaction conditions to determine if CF 3 SO 3 H would improve the outcome of the reaction. No change was seen either in the nature of the products arising or the yield of 4 produced.
A second series of methoxy-functionalised 6N polyphenylenes was synthesised via cobalt mediated cyclotrimerisation using 5-(3,4,5-trimethoxyphenylethnyl)pyrimidine as the precursor (Scheme 2). The methoxy groups were incorporated to increase the efficiency of the subsequent oxidative cyclodehydrogenation step.
31 Both asymmetric 3,5,6-tri-(3,4,5-trimethoxyphenyl)-1,2,4-tri-(5-pyrimidyl)benzene (6) and symmetric 2,4,6-tri-(3,4,5-trimethoxyphenyl)-1,3,5-tri-(5-pyrimidyl)benzene (7) were successfully isolated via column chromatography in 63% and 17% yields respectively (Scheme 2).
Oxidative cyclodehydrogenation of methoxy-substituted asymmetric 6 under FeCl 3 -mediated oxidative cyclodehydrogenation resulted in fully fused (six C-C bonds formed) 8. Preliminary mass spectral analysis of the crude material indicated the presence of a mixture of products [see S4(c) ‡], showing the presence of the fully-fused product 8, along with a 5/6 th fused product (ve C-C bonds formed). Preparative plate chromatography (SiO 2 ) using toluene : methanol (20 : 1) as eluent proved to give the best separation. The isolated yield of the pure fully-fused product 8 was low (10%) due to the challenges faced in purication, however 8 is the rst example of a fully-fused hexaazasuperbenzene (HASB). Under FeCl 3 mediated oxidative cyclodehydrogenation, symmetric 7, resulted in the fully-fused and 5/6 th fused compounds according to mass spectrometric evidence of the crude [see S4(d) ‡]. In this case the two products could not be separated despite attempting various purication methods. Fig. 1a compares the absorption spectra of compounds 3, 4, 5 and 8 along with a 4N tetraaza reference compound (N-HSB) in toluene. 4 and 5, with similar degrees of aromaticity, show similar structural features in their absorption spectra, e.g. l abs max ¼ 325 nm. In comparison the 2/3 rd -fused 3 shows a slightly hypsochromically shied spectrum, due to the decrease in size of its aromatic platform. The methoxy HASB 8 shows the typical structured UV-Vis absorption spectrum of a rigid, fully-fused system centred around l abs max ¼ 365 nm. Methoxy functionalisation has bathochromically shied the l max absorption compared to all carbon HBC 32 and N-HSB (Fig. 1) , which typically show an absorption maxima band at l max 355 nm. This band is characteristic of the b band described by Clar, 33 which is generally p-p* in character with some n-p* character for N-containing systems. In comparison to the reference N-HSB molecule, the electron-donating methoxy substituents in 8 destabilise the HOMO to a greater extent while the increased N content stabilises the LUMO. A combination of both these effects results in a reduced HOMO-LUMO gap, and the relatively red-shied absorption spectrum of 8 compared to N-HSB (Fig. 1a) . This gap can be calculated directly using the aband position of the compounds, revealing that the gap is smaller for 8 (2.52 eV) than N-HSB 1 (2.58 eV) and its methoxysubstituted diaaza (2N) analogue (2.61 eV). a trend is apparent that upon increasing the number of the Ndopants in the platform, the vibronic structure observed in the emission is lost. This is mainly due to the availability of hydrogen bonding sites on the molecule. Solvent dependency studies are a useful tool to investigate the nature of the electronic transitions in absorption and emission spectra. The solvent dependent absorption studies of 4 (Fig. 2a) show a bathochromic shi along with a slight broadening of the lower energy bands on increasing the polarity of the solvent. The corresponding solvent dependent emission study is presented in Fig. 2b . The compound is intensely uo-rescent, and exhibits prominent vibrational progressions in non-polar solvents (e.g. hexane). As the solvent polarity increases, the vibronic progression is lost and a broad emission results, particularly in methanol. There is a signicant bathochromic shi of the l max ($2900 cm À1 ) in going from hexane to methanol. This agrees with the assignment of the rst excited state S 1 as having 1 (p-p*) character. 34 The enhanced interaction of the more polar solvent molecules with the chromophore in its excited state (oen via H-bond formation), lowers its excited state energy and shis the emission to longer wavelengths.
The 6N methoxy substituted 8 shows a broad emission with l em max ¼ 515 nm and is further red-shied compared to its tertbutyl counterparts (3, 4 and 5) (see Fig. 1b ). Both the inclusion of electron-donating methoxy substituents and the increase in conjugation contribute to the red-shi in emission observed in 8. All of the HASB systems showed comparable lifetimes in the ns range (4-8 ns) at room temperature (Table 1 ). These Cyclic voltammetric studies were carried out in dry, degassed dichloromethane using a glassy carbon working electrode (Table 1 and S7 ‡). 4 shows an irreversible rst oxidation wave at E pa ¼ +1.25 V, however the symmetric analogue 5 shows no clear oxidation potential within the spectral window analysed (see S7 in ESI ‡). The 2/3-fused 3 (E pa ¼ +1.3 V) showed a slightly higher oxidation potential compared to its 5/6 th -fused counterpart 4.
The reduced aromaticity in 3 gives rise to a stabilized HOMO making the oxidation in 3 slightly more difficult than 4. The low yields obtained for 8 prevented electrochemical measurements. From the extrapolation of data from previous 2N 31 and 4N systems synthesised by Draper et al., the degree of difficulty in oxidation increases with an increasing number of N-dopants. This is due to the reduced electron density in the aromatic platform, leading to stabilisation of the HOMO. As a result, the oxidation of the 6N systems was far more difficult compared to their all-carbon, 2N or 4N counterparts.
The reduction potentials are mainly governed by the electron withdrawing N-atoms present (Table 1 and In summary, cobalt octacarbonyl-catalysed [2 + 2 + 2] cyclotrimerisations proved a convenient route to synthesise four 6N containing polyphenylene precursors. The two tert-butyl functionalised 6N polyphenylenes undergo oxidative cyclodehydrogenation using various oxidants to give partially fused systems. The incorporation of methoxy functional groups onto the polyphenylene precursors however facilitates complete ring closure via FeCl 3 . Cyclodehydrogenation using DDQ/H + was demonstrated as a promising metal-free alternative route for aromatisation of N-containing polyphenylene systems. It gives rise to signicantly increased yields and selectivity of ring closure irrespective of the strength of the acid used. Pending the development of appropriate ring-closure conditions, this cyclotrimerisation approach could be used to access nanographenes with a possible N-loading of 25 atom%. The novel molecular systems generated in this work offer a new opportunity to investigate the inuence of N-doping patterns on the supramolecular architectures of the molecules themselves and the nature and properties of their coordination complexes.
